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(57) Abstract: A method for evaluating states of biological systems comprising the steps of a) constructing a pathway comprising 
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device and c) calculating a score for said pathway based on said experimental quantification of the amounts of molecules in said 
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Method for evaluating states of biological systems 

The present invention relates to a method for evaluating states of biological 
systems. 

Background of the Invention 

In the last years, it has become possible to measure and quantify abundances 
of molecules in biological systems on a large scale. Most frequently, the 
measured molecules are mRNAs (e.g. with DNA chips or micro-arrays) or 
proteins (e.g. via mass spectrometry). Such measurements can now be 
performed by several established techniques, including 

• EST sequencing, clustering and counting [26, 27]; 

• micro-arrays [10, 14, 15, 23, 30, 33]; 

• DNA-chips, [7, 22]. 

Several methods have been proposed in order to interpret the large amounts 
of data gathered by the above means. They include manual interpretation [10, 
16] sometimes aided by computer visualization [6, 24] that often builds on 
clustering [12, 36]. Coarse-grain function predictions are being performed 
semi-automatically as an extension of cluster analysis [8], for a particular 
group of genes with unique features that can be exploited by specialized 
search algorithms [35] and using supervised machine learning techniques [5]. 

All of the automatic methods utilize a rather broad and diffuse notion of 
biological function. No method, possibly except for human expertise, integrates 
the detailed knowledge about parts of the biological networks into the 
evaluation of gene expression data yet. The clustering methods do not 
explicitly exploit functional knowledge. 
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There are methods published that try to make use of knowledge on metabolic 
pathways for the interpretation of gene expression data e.g. [13]. In these 
methods, genes are clustered according to the expression time series. The 
clusters are used to restrict the sets of possible reactions. From these 
restricted sets, pathways are constructed systematically as described in [17], 
similar to [20]. The result is a long list of quite similar pathways, as is said in 
[13]. Neither does the method provide a measure for discriminating between 
these pathways, nor does it make it more likely that the pathways generated 
are realized in the cells under investigation. When this method is applied 
starting from some expression level based on clustering of the genes, a subset 
of all possible partial nets is generated that contains some (but not all) 
similarly regulated subsets of genes. This approach has several disadvantages: 
the subsets in general do not correspond to complete pathways, but, by 
definition, only well-correlated sets of genes are found, a reasonable null- 
model is not exploited to detect significant subsets among those with similar 
characteristic, and some pathways that can be recognized as being realized 
from the expression data cannot be found, as will be shown in the worked out 
example below. 

Large Scale Measurements 

Such measurements (often called differential display) of molecular differences 
of cells are state-of-the-art on a large scale (several thousand genes or gene 
products) or even on the level of complete genomes or the whole inventory of 
genes available to an organism in specific cell states. One method used today 
for such measurements [1] is to specifically fabricate DNA chips containing 
short DNA fragments (oligo-nucleotides) complementary to the genes of 
interest in a cell probe. 

Another method (DNA arrays) is to attach (print) small amounts of each DNA 
fragment to a array-like arrangement on glass slides or nylon membranes and 
to hybridize the probe DNA with all the attached fragment samples 
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simultaneously. Although the human genome has not been completely 
sequenced and although all human genes have not yet been identified, DNA 
chip technology already allows for a complete screen of human genes on one 
chip: current technology allows to fabricate chips with several hundred- 
thousand oligonucleotides, which could cover the 100.000 to 140.000 human 
genes two to three-fold [7]. DNA arrays are in use, which hold fragments from 
each of the 6000 genes of the eucaryotic organism yeast. 

Analysis of Measurements 

The major problem of such measurements is the evaluation of the large 
number of expression levels measured: usually a differential display with a 
large DNA chip results in several thousand differences of different confidence. 
The evaluation of these differences is additionally hindered by the current 
limitations of the accuracy of measurements on such chips or arrays, which 
makes individual expression levels quite unreliable. With state-of-the-art 
techniques, a two to three-fold increase or decrease in expression level is 
considered to be a real increase or decrease rather than a measuring error. 
One obvious possibility is to use these measurements to determine the subset 
of those genes that are truly differently expressed and, thus, are related to the 
phenotypical differences of the compared states. The subsequent tasks are to 
exhibit why and how this subset could explain the causes and consequences of 
these differences. In the near future these two questions have to be answered 
for many such experiments, as the experiments will be performed for large 
numbers of cell states, and the correct and fast answer to these questions for 
many experiments will be of direct scientific, pharmaceutical, and crucial 
commercial importance and value for companies striving to find new innovative 
treatments for diseases. This implies that the evaluation of such experimental 
data has to be done in large parts with automated computer methods that 
have been validated and calibrated. 



J 
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Metabolic Pathways and Petri Nets 

In particular time series measurements of systems, i.e. measuring the 
expression of a large set of - sometimes even all - expressed genes for a 
number of subsequent time intervals, allow to analyze the detailed interaction 
in known pathways as well as to infer new putative relations. Methods have 
been developed [20] which allow to represent metabolic and regulatory 
network with suitable graph-like structures, e.g. so called Petri nets [29, 32], 
and to enumerate all possible pathways from the database of known chemical 
reactions performed by organisms. Pathways can be confined to lead from 
some definable set of starting molecular units (the reactants) to another 
definable set of units (the products). Valid pathways can be defined to 
account for additional biological knowledge and to exclude biologically 
impossible paths in order to substantially restrict the number of all possible 
paths in the interaction network. 

Summary of the invention 

The present invention discloses a method for evaluating states of biological 
systems comprising the steps of 

a) constructing a pathway comprising at least two molecules and their 
interaction network and 

b) measuring expression data with an appropriate experiment and measuring 
device 

c) calculating a score for said pathway based on the experimental 
quantification of the amounts of molecules in said system, said score 
indicating an intensity of realization of said pathway in said state of said 
biological system. 
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Pathways as used herein are structures that are suitable to describe relevant 
aspects of some molecules and their interactions. In a preferred embodiment, 
pathways are minimal substructures of complete representations of cells that 
still cover a biologically important process. An example are closed pathways as 
described in [20]. 

The invention involves a procedure to evaluate biological and genomic data, 
specifically measurements of the quantitative abundances of sets of molecules 
in specific cell states. Here abundances are estimated or measured as 
concentrations or expression levels represented as numbers meaning either 
absolute counts or relative differences as compared to some reference state. 

Suitable molecules are e.g. substrates, small molecules, drug molecules, 
genes, DNA sequences, mRNA molecules, pre-proteins, or proteins. 

It is known that the comparison of such states, especially the expression levels 
of genes in such states, can yield important information on the differences of 
different cells on the molecular level. Of great importance is the comparison of 
diseased and normal cells in order to exhibit or detect the causes and 
consequences of diseases with the final goal of finding possible target genes 
for drug treatment to remedy a disease or relieve its symptoms. Another 
important application is the investigation of the response of specific cells to 
treatment with potential drugs in order to assess their efficacy or toxicity. 

In a preferred embodiment, the method of the invention is followed by an 
estimation of the significance of said score of said pathway by the steps 

a) performing the method of claim 1 for at least one other pathway and 

b) comparing the score of said pathway to the score(s) of said other 
pathway(s). 
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In one aspect of the invention, it is preferred that the pathways have the same 
characteristics. A characteristic of a pathway, as used herein, is defined as any 
quantitative property of the abstract interaction network described by the 
pathway. In a preferred embodiment, this property is of biological relevance or 
the scoring function is sensitive to it. Suitable characteristics of pathways 
include the size, the length, the width and the diameter of pathways, as 
defined in [20]. 

In one embodiment of the invention, the scores of pathways are calculated 
from scores for individual molecules. Said scores for individual molecules are 
calculated from the experimental quantification of amounts of molecules. 

In another embodiment, the scores for pathways are calculated directly from 
the experimental quantification of amounts of molecules without requiring 
calculation of scores for individual molecules. 

In a further specialization of the latter embodiment, additional scores for 
individual molecules are calculated from the scores for pathways. These 
additional scores for individual molecules indicate a degree of relatedness of 
said molecules to said pathways. According to the present invention the 
pathways may be complete or partial. Suitable data for the method of the 
present invention comprise gene expression data and protein expression data. 
The pathways may be constructed from established biological knowledge 
and/or from hypotheses. 

A suitable method for the representation and construction of pathways are 
Petri nets [29, 32] known to those skilled in the art. The method of the 
present invention is suitable to compare at least two different states of one 
biological system, e.g. before and after some kind of treatment or healthy and 
diseased cells, or the states of two different biological systems may be 
compared, e.g. cells from different organisms biological systems. 
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The method of the present invention is especially suitable 

• for finding biologically realized pathways in a biological system, 

• for identifying molecules that do not form part of the complete pathway 
corresponding to a given pathway, or 

• for identifying molecules that form part of the complete pathway 
corresponding to a given pathway. 

The method of the present invention is also specially suitable 

• to identify pathways that are biologically realized or missing in a disease 
status, or 

• to identify pathways that are biologically realized in only one, some, or all 
biological systems under investigation. 

Detailed description of the invention 

The method of the present invention compiles the available facts on chemical 
reactions and regulations from the corresponding databases and represents 
these facts as interaction networks in the from of Petri nets [11, 29, 32]. Petri 
nets are well studied graph like concepts, which are accompanied with an 
extensive, well-established theory. Petri nets are especially well-suited for 
representing metabolic and regulatory relationships in a natural and straight- 
forward way [31]. The available knowledge on molecular relationships can, 
with the help of Petri nets, be formulated in a uniform language and, 
additionally, it is made directly accessible to graph and simulation algorithms 
that are useful for the investigation of biochemical pathways. 

Complete pathways according to the invention are consistent with user-defined 
constraints and define the range of possible or plausible pathways to connect 
molecular units in biological systems. Whether or not these pathways are 
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indeed realized by a system under certain conditions or in certain states 
cannot be derived from current databases on reactions and interactions 
exploited for the pathway generation alone. The data needed to address these 
questions are increasingly becoming available by the above mentioned 
expression level measurements on large sets of genes. 

In one embodiment, this invention describes a method, which exploits the 
expression data via a statistical scoring device and which allows to find realized 
pathways compatible with the measurements and, at the same time, allows for 
an evaluation of the raw expression data. Based on the background of the 
scored expression values for complete pathways, the procedure allows for 
identifying new genes correlated with the respective pathway, which could be 
worthwhile starting points for new pathways to be investigated or could 
indicate new relationships beyond current knowledge. Additionally, again 
based on the scored pathways and its constituents, the procedure indicates in 
quantitative detail which parts of the pathway are high- or low-scoring, 
respectively. The latter hints to problems in the experimental procedure or 
with the assumed relationships and indicates directions for further experiments 
and measurements. 

For the evaluation of specific expression measurements the nets derived from 
the available databases can be complemented by specific expert knowledge on 
the problem domain and the experimental setup, on specific genes and gene 
products related to the experiment and/or disease state, on known 
interactions, both on the metabolic and regulatory side of relevant units, and 
on partial pathways known from other experiments or described in the 
literature. The system for enumerating pathways has explicit means to specify 
such additional knowledge in a unified way, that is also used for the automatic 
derivation of network information. Thus, expert knowledge on certain states to 
be investigated (e.g. cell types, diseases, etc.) can easily be phased into the 
process by globally specifying the validated or hypothesized knowledge as a 
user defined interaction network can easily be phased into the process by 
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globally specifying the validated or hypothesized knowledge as a user defined 
interaction network. 

Petri nets allow for the manual modification of generated or previously 
constructed networks in order to augment the network by specific individual 
knowledge of experts. This directly enables experts to add additional facts, to 
formulate hypotheses, and to specify contradicting alternatives. This 
information, in the form of an extended network, can be used to evaluate a 
whole range of experiments as described above. The different hypotheses or 
alternatives can be evaluated and thus allow to identify possible targets for 
interrupting or stimulating specific pathways. 

The method of the present invention explicitly allows for feeding hypotheses or 
biological intuition or pharmaceutical ideas on potential targets into a method 
for target finding. The system is able to evaluate the proposed hypotheses 
together with the established knowledge against the new experimental 
evidence given by the expression level measurements. Alternative or 
contradicting hypotheses can be weighted against each other in the above 
context and, thus, the best alternative can be selected. Ideally, such a 
hypothesis is a complete pathway considered to be important for the biological 
system under investigation and providing hints for possible targets. 
Furthermore, an iterative process can be performed, which, based on previous 
hypotheses and the outcome of the corresponding expression experiments, 
allows to optimally design new experiments which further enhance the 
knowledge on the system and finally validates target candidates as far as is 
possible with this kind of experiments and analysis. 

Due to the error rates of the current expression level measurements, methods 
that rely on the comparison of individual gene products are bound to be very 
unreliable themselves. This is a major drawback of the useful evaluation of 
expression data. 
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An important feature of the present invention is to combine the generation of 
possible and plausible pathways with the evaluation of expression data using a 
statistical score, which rates a complete or partial pathway with respect to the 
measured expression data. This score may be compared to the scope of all 
other possible pathways or to those of random pathways. The score combines 
evidence from a complete set of measurements, each of which might be quite 
unreliable. Thereby, the score relies on many measurements and their relative 
difference to a large set of other measurements. Additionally, the score 
evaluates complete biological units as compared to individual reactions and 
units. 

There are many ways to phase information about the topology of the pathway 
and their semantics into the calculation of the individual scores and the scores 
for complete pathways. For example, the expression levels should, in most 
cases, be the more correlated, the closer the respective gene products are on 
the path. Furthermore, if additional knowledge on the function of gene 
products is available or can be derived from the network, this could be 
indicative of whether a significant change in expression level should be 
expected or not. This can be taken into account via the specific design of the 
scoring function. 

Figure 1 discloses a scheme of the embodiments of the invention. 
One embodiment of the invention is disclosed below 

A: Pathway Generation as disclosed in further detail in [20] and [21] 
(incorporated by referenced 

Al: Compile the available knowledge on biologically relevant reactions and 
interactions between gene products including hypotheses into a graph-like 
notation (Petri nets); 
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A2: Compute all biologically possible paths which are of interest in a specific 
pharmaceutical or biological context; 

A3: Generate a set of random paths of similar characteristics (e.g. length, size 
and diameter). The result is a set of pathways, i.e. complete sets of genes. 

B: Scoring Pathways 

Bl: Measure the expression levels with an appropriate experiment and 
measuring device and determine normalized differences between the states to 
be compared for each gene product; 

B2: Compute the score for any possible pathway with respect to the statistical 
model, the actual expression level differences and the topology of the 
respective pathway; 

B3: Compare the scores of the various pathways and select those with 
significant evidence as compared to the scores of random paths. The result is 
a set of scored pathways. 

C: Evaluation of Expression Data 

The most significant pathways indicate not only the desired subset of genes, 
which are of most interest in the evaluation of the current expression 
experiment data, but, additionally, the topology of the path specifies very 
detailed chains of reactions and interactions between molecular units. 
Therefore, those pathways are a good basis for understanding the differences 
between states in the context of the actual measurement and the current 
biological knowledge as available for the pathway generation of steps A1-A3. 



This allows for: 
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CI: Design of further expression measurements or other experiments. 

C2: Selection of target pathways and the detection of target gene products for 
the subsequent drug development process. 

C3: Formulation of new hypotheses by human experts, which use the 
computed target pathways together with additional knowledge from the 
literature and/or other experiments to construct new Petri nets. 

Figures 

Figure 1: Overview of the method of the invention illustrating the general 
description of the invention. 

Figure 2: Paths and Pathways: The figure shows two paths from source to sink 
of length 4 and 5, respectively. The pathway for a path contains the path and 
is closed, i.e. contains all non-ubiquitious substrates connected to the path. In 
this case, the pathways (the subnet indicated by the encircled region) of both 
paths from source to sink are the same. 

Figure 3: Swissprot entry P39113 describing an activator protein for the 
transcription of two of the key enzymes in the gluconeogenesis pathway. 

Figure 4: Petri net extending the Petri net of the gluconeogenesis (right side 
part) by the regulatory transition (left) defined by Swissprot entry P39113. 

Figure 5: Overview of the glycolysis as computed from the unified Petri net 
derived from the metabolic databases KEGG, ENZYME, and BRENDA containing 
all pathways with a maximum width of 1 from D-Glucose to Pyruvate as 
computed with the enumeration algorithm described in [21]. The width has to 
be at least 2 in order to include the textbook-glycolysis in the set of valid 
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pathways. Note that individual pathways cannot be distinguished in this form 
of illustration. 

Figure 6: Pathways of the glycolysis as computed from the unified Petri net 
derived for the metabolic databases KEGG, ENZYME, and BRENDA containing 
all pathways with with a maximum width 2 as computed with the enumeration 
algorithm described in [21]. The width has to be at least 2 in order to include 
the textbook-glycolysis (thick lines) in the set of valid pathways. Note that 
individual pathways cannot be distinguished in this form of illustration. 

Figure 7: Differential Metabolic Display (DMD) of the glycolysis for yeast and 
MG (Mycoplasma Genitalium) genomes containing all pathways of width 2 for 
ail paths from starting reactant D-glucose to ending product pyruvate. This 
Figure contains all enzymes of Figure 6 for which sequence information is 
available. The thick edges indicate pathways present in both organisms (MG 
and yeast), thin black lines are found only in yeast pathways, but not in MG. 
No pathways are present in MG and not in yeast in this example. Dotted lines 
indicate enzymes known from other organisms than yeast or MG. 

Figure 8: Histogram of the log-relative expression level (equation 1) 
distribution for time point 1 of the DeRisi measurement series [10] for all yeast 
genes. 

Figure 9: Example pathway drawn from Figure 6. This path and the associated 
evaluation of the scoring function is discussed in detail in the main text. The 
path contains ten enzymes, the transitions of which are annotated with the 
associated EC numbers and the yeast ORF identifiers. 

Figure 10: Graphical illustration of the data shown in Table 1. Each line 
corresponds to the expression of one of the genes involved in the example 
glycolysis pathway during the seven time points. 
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Figure 11: Histogram of the pathway scores calculated according to Equation 
10 for all possible assignments of the glycolysis pathway reactions to yeast 
ORFs. 

Figure 12: Histogram of the pathway scores calculated according to Equation 
10 for 10000 random pathways. Since the pathway-model used for this 
example does not account for the graph structure of the pathways, but is 
sensitive to the size of the pathways, the random pathways are subsets of all 
genes of the same size (i.e. 10 genes) as the glycolysis pathway. 

Figure 13: Histogram of the TCA cycle scores calculated similarly as in Figure 
11. 

Figure 14: Histogram of scores of random pathways of the same size as the 
TCA cycle pathway, analogous to Figure 12. 

Figure 15: Graphical illustration of the time series of expression levels of a TCA 
pathway (i.e. assignment of ORFs to the TCA cycle transitions). Each line 
corresponds to the expression of one of the genes involved in the example 
pathway during the seven time points. 

Table 1: Expression data as used for the score calculation of a pathway 
consisting of the ten genes shown. The data are taken from [10]. There is one 
row of data for each gene included in the pathway as identified in the first 
column. Each data column corresponds to a time point from tl to t7. The data 
shown are the values r t g as defined in Equation 1: the logarithms of the ratios 

of the measured gene expression at the indicated time point to the expression 
at the base time point to. 

Table 2: Mean values for the simple pathway-models as described in Equation 
2, calculated from the data shown in Table 1. In order to avoid the influence of 
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self-correlation on the scores of genes included in the pathway, each gene is 
removed from the pathway before the particular pathway-model is built that is 
used for the computation of the score of the respective gene. 

Table 3: Empirical standard deviations for pathway-models according to 
Equation 3 similar to Table 2. 

Table 4: Mean values and empirical standard deviations for the null-models. 
The parameters of a null-model for each time point tl to t7 is calculated from 
the data described in [10] using Equations 4 and 5. 

Table 5: The scores for the genes included in the pathway for the different 
time points, computed according to Equation 8. The values in the last column, 
titled average, correspond to the gene scores according to Equation 9. 



Description of Methods 
Pathways 

In order to facilitate a system (e.g. cell-, tissue-, organism-, or species-) wide, 
holistic evaluation of sequence and expression data we compiled the available 
data of metabolic databases into Petri nets. Petri nets are graph-like structures 
that lend themselves naturally to representing all kinds of relations and 
interconnections of distributed interacting entities (substrates, proteins) in a 
metabolic/regulatory network. In the context of this invention, Petri nets 
derived from available databases and additional expert input are used to 
provide the biological background knowledge for the analysis of expression 
data, especially in order 
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• to merge all available databases to integrate the stored biochemical facts 
and to remove inconsistencies, 

• to generate (if desired, cell-type specifically) all putative pathways that can 
be subjected to our new method to evaluate pathways by expression data, 

• to define and analyse interaction networks by their underlying structure of 
paths and pathways, 

• to compare genomic and expression information with knowledge about 
interaction networks and 

• to define a notion of Differential Metabolic Display (DMD) that allows to 
compare specific systems, i.e. organisms, developmental or disease states, 
by comparison of the individual Petri nets. 

The main sources of information about biochemical pathways are databases 
like BRENDA [19], ENZYME [2], KEGG/LENZYME [25], MPW [34], WIT [28], 
EcoCyc [19], and HincCyc [18] containing textual descriptions of reactions. 
Regulatory relations are inferred from sequence database annotations (i.e. 
Swissprot [3], Prosite [4]) or from literature abstracts (Medline 
http://www.ncbi.nlm.nih.gov/entrez/). 

The compilation process of the different databases used and the removal of 
mistakes and inconsistencies and the unification of the database format is 
described in detail in [21]. 

The main purpose of the compiled Petri nets for pathway databases is the 
systematic generation of paths and pathways in such nets to facilitate the 
analysis of differences between certain environmental states, between 
different organisms (genomes) and between different cell types of one 
organism. Petri nets with their underlying semantics [21] (the so called "firing 
rule") and additional user defined and biologically motivated restrictions [21] 
enable to drastically reduce the number of valid paths leading from a set of 
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educts to a set of products. 

Based on such restricted valid paths, a concept of pathways is defined: Given 
a Petri net, a pathway associated with a path is a partial net that contains the 
path and is closed. Closed paths account for the availability of educts and take 
care of the consumption of intermediate products. User definable sets of 
ubiquitious educts and products then allow to determine pathways of different 
extent. Additionally, notions of length, diameter, area, and width of pathways 
are introduced to enable the generation and analysis of pathways with specific, 
pre-defined properties (Figure 2). The length of a pathway is the length of the 
longest path from source to sink contained in the pathway, its diameter is 
defined as the length of its longest path, its area as the number of transitions 
(enzymes/genes) in the pathway, and its width as the size of its maximal ST- 
cut. 

Search and generation algorithms for paths and pathways of Petri nets which 
allow for user defined constraints using these parameters in order to restrict 
the valid paths for further analyses have been developed [21]. The resulting 
pathways are optimally suited for being evaluated with the method of the 
invention, as, by definition, they represent biologically meaningful units. The 
enumeration process is described in detail in [21]. As a result from this 
method, the set of all known biologically meaningful pathways connecting 
predefined sources and sinks is obtained. 

On the basis of the complete set of restricted pathways, it is possible to 
systematically compare different networks, i.e. different developmental or 
disease states of different organisms. For this purpose so called Differential 
Metabolic Displays (DMDs) have been introduced [20]: system specific subnets 
are extracted from the unified Petri nets and the respective intersection and 
difference sets for different systems are determined. A DMD can be 
represented as a Petri net containing pathways, colored according to the above 
system-specific sets to simultaneously exhibit shared, missing, and specific 
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pathways for each system under consideration. 

DMDs allow to display significant differences, to identify gaps in specific 
pathways, and to enable the evaluation of expression data by making 
predictions for proteins of unknown function and to propose the existence 
and/or absence of specific proteins or protein functions in certain systems. 

The information in currently available databases can be enriched by functional 
knowledge acquired by human experts from academic or industrial research 
groups. This exploits a type of functional information quite different from the 
function (i.e. biochemical reactions) stored in metabolic databases (Figure 3) 
and tries to make them available in a uniform Petri net setup (Figure 4). Thus, 
the relationships in the Petri nets can be extended significantly with specific 
relations or functional specifications relevant for the special interest of the 
human expert. 

As an example for adding expert knowledge is given: Entry no P39113 of the 
Swissprot database (Figure 3) specifies that certain proteins of the glycolysis 
are regulated by the transcriptional activator CAT8. This information results in 
the construction of the extended net as shown in Figure 4. 

Example 

As an example, the paths and pathways of the glycolysis are considered. 

In contrast to the simplified textbook view of metabolic pathways, the number 
of potential, unrestricted paths connecting two proteins or metabolites in the 
network appears to be very large (some 500.000 paths of length at most nine 
from glucose to pyruvate, not shown). In general, this prohibits the systematic 
analysis of all potential paths. The application of the Petri net firing rule (step 1 
and 2) reduces the number of paths to (still) about 80.000 paths involving 
some 800 enzymes (not shown). Exploiting additional pathway constraints 
(restricting the cut-width to 2 and 1) in steps 3 and 4 results in 541 and 170 
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pathways, respectively (Figures 5 and 6). 

Nets restricted to specific genomes (see Figures 5, 6 and 7), after having 
mapped the sequence data, can be used to find and exhibit detours and gaps 
in organism-specific metabolic pathways and to propose protein functions to 
be searched for in genomic data to complete apparently disrupted pathways. 
E.g., for the yeast and Mycoplasma Genitalium (MG) genomes 550 pathways 
with 225 reactions are in the current metabolic databases. Out of these, 
sequence information of 185 of the 225 enzymes could be assigned. The light 
grey lines indicate all edges contained in the remaining 140 pathways 
consisting of enzymes with known sequences represented in the current 
sequence databases. The thick edges indicate paths contained in pathways 
present in both organisms (MG and yeast), thin black lines are found only in 
yeast pathways but not in MG, dotted lines would have indicated paths in MG 
not present in yeast (none in this example). 

Calculation of statistical scores 

This section describes the definition of scores for genes and pathways based 
on expression level measurements and the combination of pathway generation 
and statistical pathway evaluation with the goal to select a set of most 
interesting pathways for a given expression measurement. 

To be specific, the basic problem is: 

• Given the Input: 

• Gene expression measurements of different states. 

• Putative pathways that could or could not be realized in these 
states. 



• Answer the Questions: 
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• Which pathways are in fact realized in the cells? 

• Which genes do not have much support by the current 
measurements to belong to the pathway ? 

• Which genes not included in the putative pathways are likely to be 
related to the pathways? 

• By producing the Output: 

• For each gene, both included and not included in the pathway, a 
score how well it fits the putative pathway according to the 
expression data. 

• For the putative pathway as a whole, a statistical score how 
probable it is that the pathway is realized in the cell type under 
investigation. 

The basic idea is to rate the genes involved in a putative pathway, as well as 
the remaining genes, with respect to this pathway according to the behaviour 
of the expression of all genes. In order to do so, two statistical models are 
constructed, one model of the expression of the genes included in the pathway 
(pathway-model), and a second model of the remaining genes (null-model or 
background-model). Each gene, whether included in the putative pathway or 
not, can be compared to both models, and a score can be computed that 
reflects how much better it fits the pathway-model than the null-model and 
vice versa. If this is desired, one of the models can be chosen to be uniform, 
i.e. assigns equal probability to every gene, disregarding the observed 
expression behavior. This is amounts to omitting the corresponding model. 

According to this idea, not only a given pathway itself can be rated, but in 
addition each gene from the pathway individually as well as each remaining 
gene can be rated with respect to expression correlation to the pathway. This 
offers the opportunity to augment the knowledge about the pathways by 
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identifying, on one hand, not similarly expressed genes within the pathway 
and, on the other hand, similarly expressed genes that are not yet linked to 
the pathway. This works the better, the stronger the gene expression 
experiments involves the regulation of the pathway under investigation, and 
the better the models of expression behavior reflect the biological reality. 
Thus, the models should be calibrated using available measurement data. 

Definition of the Scoring System 

Thus, for a concrete application of this principle to a putative pathway, crucial 
technical choices have to be made regarding two points: 

First, a number of gene expression assessment experiments have to be 
selected from the data sets already available, or have to be newly designed 
and performed. Additionally, relative weights can be assigned to the different 
experiments or, in the case of time series measurements, even to individual 
time points. 

Second, a gene pathway scoring (GPS) function has to be defined, that assigns 
to each gene a score that reflects its correlation to the genes belonging to the 
pathway as opposed to the remaining genes. This is closely tied to the 
definition of the mathematical models for these two sets of genes. In the case 
of probabilistic models, the log-odds ratio of the probabilities (as shown in the 
example below, Equation 8) is a natural choice for the scoring function. A good 
scoring function has to reflect expression behavior resulting from the different 
types of possible biological connections. With respect to expression time series 
features like proportionality (common regulation), reciprocal proportionality 
(synchronized regulation), time delayed correlation (one side regulates the 
other side) and the like can be exploited in order to capture complex 
regulatory relations. On the side of the pathways, the graph structure of the 
involved genes as given by the pathway can be taken into account, for 
example by giving more weight to the influence of the correlation of genes that 
are close to each other in terms of the shortest path between them. However, 
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in the example below it is demonstrated that a comparatively simple function 
that corresponds to a simple pathway-model already leads to reasonable 
results. 

Depending on the definition of the scoring function, the score distribution may 
depend on the characteristics of the pathways scored, most importantly the 
size. This hampers the comparison of scores of pathways of different 
characteristics. Statistical scores, called p-values (probability estimates) or E- 
values (expectation values), that remedy analogous problems in the field of 
sequence comparison have been an important pre-requisite for the success of 
programs like BLAST and FASTA for that application. These scores, in addition 
to increasing the reliability of decisions based on them as opposed to other 
scores, have an intuitive interpretation as probabilities or expectation values of 
erroneous decisions, and can be used to guide the trade-off between 
sensitivity and specificity. The computation of similar p-values for pathways is 
preferred, for example by the following procedure: for each putative pathway 
under investigation, a large number of random pathways with the same 
characteristics are generated and scored. Then, the p-value of the pathway 
under investigation is taken as the fraction of random pathways that achieve 
the same score or a greater score. This p-value is an estimate of the fraction 
of false positives to be expected when assuming that the pathways under 
investigation are realized in the specific cell states represented by the current 
measurement. 

Rating and adapting putative pathways by gene expression measurements 

1. For both the pathway p and the remaining genes p , derive from the 
expression measurements a probabilistic model that describes the 
properties of the gene expression behavior of the respective set of genes. 

2. For each gene g, both from p and from p , compute a score score p (g) that 
reflects how well its expression behavior fits the pathway-model in contrast 
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to the null-model. The scores of the genes not included in the pathway can 
be used to identify genes that are possibly related to the pathway. 

3. From the scores of the individual genes included in the pathway, compute 
an overall score score p for the pathway. 

4. Compute a p-value, i.e. an estimate of the statistical significance of the 
pathway score. This can be, for example, the fraction of random scores 
that exceed the score of the given pathway. Appropriate random scores can 
be computed by applying steps 1-3 of this procedure to randomly created 
pathways sharing the characteristics (size, length, width etc.) of the 
pathway under investigation. 

5. Based on the p-value, accept or reject the hypothesis that the pathway is 
realized in the type of cells that were subject to the expression 
measurement. 

Example realization of the scoring function 

In order to show the efficacy of our procedure, we investigate the glycolysis 
pathway in saccharomyces cerevisiae (yeast). We make use of the gene 
expression time series measured by DeRisi et al. [10] that is publicly available 
(http://cmgm.standford.edu/pbrown/explore/index.html). For each known 
yeast gene g there are measurements l tg represented as real numbers (see 

table below) of the expression level for a set of different time points t. This 
time series is optimally suited for the rating of the glycolysis pathway as the 
time points correspond to decreasing concentrations of glucose available to the 
yeast and a regulation of the glucose processing glycolysis pathway can be 
expected. In fact, the data measured confirm this expectation [10] as 
demonstrated by a manual analysis of the data by the original authors. 

Investigation of the distribution of the relative changes of gene expression for 
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the different time points with respect to the base level corresponding to time 
point t 0 . For each time point t, we take the logarithm of the expression change 

ratio, log for each gene g. In the following, let r denote the log-relative 

expression levels 

r Ug =\og^ (1) 

This leads to a distribution of values that is symmetrical with regard to up- and 
down-regulation. While the resulting distributions are not necessarily normal, 
they share some important characteristics with normal distributions. They are 
sigmoid, and the density functions are unimodal and almost symmetrical (see 
Figure 8). Thus, they can be approximated by normal distributions without 
making a qualitative error. It is taken advantage of this observation in order to 
construct the models used in the scoring function. 

For each time point, two sets of expression values are collected, corresponding 
to the set of genes involved in the pathway (denoted p) and the set of 
remaining genes (called p), respectively. For both sets, the log ratios 
described above are fitted to normal distributions by simply taking the mean 
rand the empirical standard deviation s of the sets. As an example, equations 
2 and 3 show, how this can be done for the set of genes p belonging to the 
path for time point t: 
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Analogously, the mean r~ pJ and the standard deviation s- can be computed 
for the set of genes p not belonging to the path for each time point t: 

I P I gep 

VI p\- l gzp 

For each gene g, a score is computed that reflects how well it fits the path. For 
this purpose, the gene is removed from the set it is assumed to belong to 
(either p or p ), resulting in the sets p-{g}ar\ti p-{g). This is most important 
when the size of the set is small and the presence of the gene has a 
considerable effect on the estimated distribution. First, an estimation P for the 
probability of the gene g to belong to the path p-{g} or to the set of 

remaining genes p-{g], respectively, is approximated using the normal 
distribution O. This is done for each time point t individually. 



I />-{*}):= 2*0 



/, , - r,, P -{ g] 



(6) 



I,. - r,. P -{g} 



S '.J-{g} 



(7) 



This definition of the probabilities rests on the assumption that it is the more 
probable that a set forms a pathway that is realized in the investigated cell 
types, the more correlated (e.g. proportional) the expression of this set of 
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genes is. This is especially true for the pathway model, whereas the null-model 
is reasonably justified by the empirical log-ratio distribution observed above. 
In general, synchronization of expression can be more sophisticated than mere 
proportionality, and accordingly more elaborate models (especially for the 
pathway) can be devised as mentioned above. Still, these definitions of 
probabilities lead to a scoring function that can be useful as shown below. 

The score of g is calculated as the log-odds score of the approximated 
probabilities of the gene under investigation to belong to the path p-{g}or to 

the set of remaining genes p-{g}for each time point t: 

score t p (g) := log p (8) 
p t ,p(g\p-\g\) 

The over-all score for the gene g with respect to the complete time series or 
set of states/measurements can, for example, be computed as the simple 
average over the set T of all time points t: 

score p (g) := 7^Ys SCore <A& ( 9 ) 
I I /er 

A score for the complete pathway can be computed as the average over the 
scores of the genes included in the pathway: 

score p - p~7 X score P is) (10) 

Using the pathway generation method described above, all pathways from 
glucose to pyruvate were generated. These pathways are characterized by the 
types of reactions needed to build pyruvate from glucose in a number of steps 
and by the graph structure that these reactions impose on the enzymes and 
the intermediate substrates. With appropriate constraints this results in the 
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pathways shown in Figures 5 and 6. 
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For this example, we select one of the generated paths, the pathway marked 
as bold in Figure 6. 

This pathway, containing EC numbers (i.e. enzymatic functions) as transitions, 
generically represents a number of different pathways on the basis of 
individual genomic yeast open reading frames (ORFs) (corresponding to genes 
the product of which can perform the required reaction) shown in Figure 9. 

Thus, the EC-pathway induces a set of gene-pathways. By construction, the 
size of all the pathways, i.e. the involved number of the reactions respectively 
the proteins, is constant - in this case, ten. 

In Table 1, the identifiers (IDs) of the yeast open reading frames 
corresponding to one possible assignment of proteins to the pathway are 
shown, together with the logarithms of the ratios of expression values 
measured at different time points with respect to the base time point t 0 in the 

diauxic shift expression assessment [10]. The data from the Table are 
visualized as time curves in Figure 10. 

For this pathway, scores according to the Equations 1 to 10 are calculated as 
an example case. From the values in the table, sufficient statistics for the 
pathway-models according to Equations 2 and 3 are calculated. Since the 
pathway consists of only ten genes, each gene has a non-neglectable influence 
on the pathway-model. Therefore, a different pathway model for each gene 
included in the pathway was calculated, as needed for Equation 8. This leads 
to the mean values and empirical standard deviations shown in Tables 2 and 3. 

Using Equations 4 and 5, sufficient statistics of the null-models can be 
computed. Therefore, the expression values of the genes not included in the 
pathway, i.e. the remaining 6249 genes of the known yeast genes investigated 
in [10] are needed (this expression data is not shown here). Since each single 
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gene has a neglectable influence on the statistics of this set, we simplify this 
example by approximating the correct null-models for p-{g] by the null- 
models for p . The resulting values for mean and standard deviation are shown 
in Table 4. 

Applying Equations 6 to 8, the scores for the genes included in the pathway 
are revealed [shown in Table 5]. Accordingly, this pathway is assigned a 
score of 0.736. 

Application of the same procedure to the set of all pathways in terms of sets of 
yeast ORFs that can be assigned to the reactions in the generated glycolysis 
pathway leads to the distribution of scores shown in Figure 11. 

In contrast, the analogous computation of scores for 10000 randomly chosen 
ORF sets of size 10, that form a sufficient random model with respect to the 
used scoring function, leads to a distribution of scores as shown in Figure 12. 

It is easy to see that the scores of the glycolysis pathway lie well above the 
scores expected from random paths. This confirms the hypothesis that the 
glycolysis pathway is realized in the investigated states of yeast. 

This result can not be achieved using clustering methods, because the genes 
encoding the involved enzymes are not similarly regulated (at least this does 
not manifest in the current measurements), as was already observed in [10] 
and can be seen in Figure 10. 

The method of the present invention, even with the simple example statistical 
model as described in the previous section, can recognize realized pathways 
with heterogeneous regulation. 

For the example glycolysis pathway defined above, a p-value of 0.0009 can be 
derived from the random score distribution by determining the fraction of 
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random pathways that score equal or better than score p . This is a very good 

result and is - given the data shown in Figure 10 - very hard to match with 
clustering based methods. 

Another example illustrates this point: For the textbook tricarboxylic acid 
(TCA) cycle, a supposedly easier example, our method performs even better. 
Excellent scores as shown in Figure 13 are achieved. Here, even the lowest 
TCA pathway score is better than the highest score of 10000 random pathways 
with equal length (shown in Figure 14), whereas, again, the accompanying 
expression level time series (Figure 15) do not cluster together easily in non- 
trivial discriminating clusterings. 

Experiment Design 

The above methods for deriving and representing networks, the generation of 
pathways with specific characteristics and for the subsequent calculation of 
scores can be applied for the subsequent calculation of scores can be applied 
for improving the design of further experiments and experimental 
measurements, by performing the following steps: 

• measuring the new data in the expression experiment in order to 
provide the enhanced discrimination between the various hypotheses 
to be tested 

• designing the experiments based on the hypotheses fed into the 
system, e.g. formulated in augmented Petri nets 

• designing the experiments to account for the type of statistical score 
used for the subsequent evaluation 

• planning the experimental setups such that the already measured 
data is used to avoid unnecessary experimental duplication 
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• placing normalization measurements at crucial points in the 
experimental setup to allow for optimal usage of precious material, 
i.e. patient tissue of certain disease states 

• connecting measurements made on readily available in vitro material 
with measurements on in vivo material for the evaluation 

• designing additional experiments such that ambiguities in the scoring 
based on the previous experiments alone are removed and such that 
the resulting statistical score is optimized 

• designing the experiments such that the DNA chips or other 
experimental equipment is used efficiently, i.e. the number of 
consumed resources is minimized for the information obtained. 
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Claims 

1. A method for evaluating states of biological systems comprising the 
steps of 

a) constructing a pathway comprising at least two molecules and their 
interaction network, 

b) measuring expression data with an appropriate experiment and 
measuring device and 

c) calculating a score for said pathway based on said experimental 
quantification of the amounts of molecules in said system, said score 
indicating an intensity of realization of said pathway in said state of said 
biological system. 

2. The method of claim 1, followed by an estimation of the 
significance of said score of said pathway by the steps 

a) performing the method of claim 1 for at least one other pathway and 

b) comparing the score of said pathway to the score(s) of said other 
pathway(s). 

3. The method of claim 2, wherein the pathways have the same 
characteristics, e.g. the area, width and/or length. 

4. The method of claims 1 to 3, wherein 

a) said scores for pathways are calculated from scores for individual 
molecules and 
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b) said scores for individual molecules are calculated from said 
experimental quantification of amounts of molecules. 

5. The method of claims 1 to 3, wherein said scores for pathways are 
calculated from said experimental quantification of amounts of molecules 
without requiring the calculation of scores for individual molecules. 

6. The method of claim 5, wherein additional scores for individual 
molecules are calculated from said scores for pathways, the scores for 
individual molecules indicating the degree of relatedness of said 
molecules to said pathways, wherein additional scores for individual 
molecules are calculated directly from said experimental quantification of 
amounts of molecules independently of said scores for pathways. 

7. The method of claims 1 to 6, wherein the pathways are complete or 
the pathways are partial. 

8. The method of claims 1 to 7, wherein the experimental quantification is 
based on gene expression data or wherein the experimental quantification 
is based on protein expression data. 

9. The method of claims 1 to 7, wherein the molecules are selected from 
the group consisting of DNA molecules, RNA molecules, proteins, pre- 
proteins, oligo-peptides, organic molecules, or an-organic metabolites. 

10. The method of claims 1 to 9, wherein the pathways are constructed 
from established biological knowledge and/or from hypotheses. 

11. The method of claims 1 to 10, wherein Petri nets are used for the 
construction of the pathways. 

12. The method of claims 1 to 11, wherein at least two states of one 
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biological system or the states of at least two biological systems are 
compared. 

13. The method of claims 1 to 12 

- to identify pathways that are biologically realized in only one, some, or 
all biological systems under investigation. 

- to identify pathways that are biologically realized or missing in a 
disease states, 

- for identifying molecules that do not form part of the complete pathway 

corresponding to a given pathway, or 

- for identifying molecules that form part of the complete pathway 

corresponding to a given pathway. 

14. A method as defined in claims 1 to 13, taking into account the type of 
statistical score used for the subsequent evaluation according to claims 1 to 
13, applied for enhancing and planning the design of experiments by 

• planning the experimental setups such that the already measured 
data is used to avoid unnecessary experimental duplication and 
such that experimental equipment is used efficiently, 

• placing normalization measurements at crucial points in the 
experimental setup to allow for efficient usage of precious 
material, i.e. patient tissue of certain disease states, by 
connecting measurements made with readily available in vitro 
material with measurements on in vivo material for the 
evaluation, or 

• designing additional experiments such that ambiguities in the 
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scoring based on the previous experiments alone are resolved and 
such that the resulting statistical score based also on the 
additional measurements is optimized and discriminating between 
specific pathways. 

15. An iterative method in particular according to the claims 1 to 
14 for intertwining the hypotheses formulation and experiment design, 
comprising the steps of 

selecting the most plausible pathways according to the current 
experimental data with the methods of claims 1 to 14 claimed 
above, 

modifying and enhancing the interesting pathways based on this 
analysis with new formalized hypotheses, 

deriving new experimental setups, which discriminate between 
alternative and/or contradicting hypotheses 

• iterating these steps until enough information on potential target 
candidates has been assembled to proceed to subsequent steps of 
target validation and drug development or the network cannot be 
reliably further extended in step 2 above. 
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AC P39113; 

DE REGULATORY PROTEIN CAT 8 . 

GN CAT8 OR MSP 8 OR YMR280C OR YM8021.06C. 

OS SACCHAROMYCES CEREVISIAE (BAKER'S YEAST). 
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CC FUNCTION: ACTIVATOR OF THE GLUCONEOGENIC 
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CC -!- SUBCELLULAR LOCATION: NUCLEAR. 

CC PTM: COULD BE THE TARGET OF THE SNF1/CAT1 - 

CC SNF4/CAT3 KINASE COMPLEX . 

CC -!- SIMILARITY: CONTAINS A ZN (2) -CYS ( 6) , FUNGAL - 

CC TYPE BINUCLEAR CLUSTER DOMAIN. 

DR EMBL; X78344; G559524; 

DR EMBL; Z49704; G825546; 

DR EMBL; X94215; E214033; 

DR PIR; S48234; S48234 . 

DR SGD; L0000220; CATS . 

DR PROSITE; PS00463; ZN2_CY6_FUNGAL_1 ; 1. 

DR PROSITE; PS50048; ZN2_CY6_FUNGAL_2; 1. 

KW TRANSCRIPTION REGU7 ATION; DNA-BINDING; NUCLEAR 

KW PROTEIN; ZINC; METAL -BINDING; 

KW PHOSPHORYLATION; CARBOHYDRATE METABOLISM; ACTIVATOR. 

FT DNA__BIND 70 97 ZN (2 ) -CYS ( 6) , FUNGAL-TYPE . 

SQ SEQUENCE 1433 AA; 160485 MW; 3E914E7E CRC32; 
MANNNSDRQG LEPRVIRTLG SQALSGPSIS NRTSSSEANP 
HFSKNVKEAM IKTASPTPLS TPIYRIAQAC DRCRSKKTRC 
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